A hallmark of the retrovirus life cycle is the process by which the single-stranded viral RNA genome is converted into a double-stranded DNA (1, 25) . This process, called reverse transcription, uses a virus-encoded enzyme, reverse transcriptase (RT), and a cellular tRNA primer. The tRNA is bound to a site on the viral RNA genome, designated the primer binding site (PBS), which is complementary to the 3Ј-terminal 18 nucleotides of the tRNA (4, 18) . The PBS is located downstream of the 5Ј direct repeat (R) and unique sequence (U5) in the viral RNA genome.
The tRNA primer used for initiation of reverse transcription is different for individual retrovirus groups. For example, tRNA 3 Lys is used by lentiviruses such as HIV-1 (human immunodeficiency virus type 1) or simian immunodeficiency virus, while tRNA 1, 2 Lys is used by Mason-Pfizer monkey virus, visna virus, and spumavirus; murine leukemia virus uses tRNA Pro , while avian sarcoma virus and avian leukosis virus use tRNA Trp (15, 16) . Why retroviruses use different but specific tRNA primers to initiate reverse transcription is unknown. The exclusive use of specific tRNAs to initiate reverse transcription cannot be explained by incorporation into the virion particle, since a subset of cellular tRNAs, in addition to the specific tRNA used for initiation, are encapsidated. For example, HIV-1 virions contain a subset of cellular tRNAs comprised of 30% tRNA 3 Lys , 60% tRNA 1,2 Lys , and 10% minor tRNAs (7, 29) . Recent studies have demonstrated that the composition of the tRNA species within the virion does not necessarily dictate which tRNA will be used to initiate reverse transcription. HIV-1 with genetically engineered PBS complementary to alternative tRNAs could use a wide variety of tRNAs for initiation of reverse transcription. The PBSs of these viruses were not stable and reverted to the wild-type PBS, complementary to tRNA 3 Lys , after a few passages of in vitro culture (3, 11, 28) . Based on these results, it was suggested that factors other than the PBS sequence specify the preferential usage of the wildtype primer for the initiation of retroviral reverse transcription.
Recent studies have provided evidence of additional interactions between the 5Ј region of the retroviral genome and the primer tRNA. Chemical and enzymatic footprinting of the HIV-1 genomic RNA and tRNA 3 Lys has found additional sites in U5 involved in intermolecular contacts. In one of these interactions, the anticodon loop of tRNA 3 Lys binds with an A-rich loop located 12 to 17 nucleotides upstream of the PBS (5, 6, 14) . Genetic evidence for a role of this A-rich loop region in interacting with primer tRNA was provided by demonstrating that if both the PBS and A-rich loop in U5 are mutated so as to be complementary to the 3Ј-terminal nucleotides and anticodon loop of tRNA His (27) or tRNA Met (9) , the resulting viruses would stably maintain a corresponding PBS comple-mentary to tRNA His or tRNA Met , respectively, after extended in vitro culture. In a follow-up study, we found that the tRNA composition in the virions from viruses which stably utilize tRNA His to initiate reverse transcription was not changed compared to that of the wild-type virus (29) . The complexity of the U5-PBS interaction with tRNA is highlighted by the fact that not all combinations of PBS and anticodon complementary sequence in U5 (A-loop region) produce viruses which can stably maintain a PBS complementary to alternative tRNAs (8) .
The development of infectious HIV-1 which stably maintain a PBS complementary to an alternative tRNA provides a unique opportunity to genetically test the importance of the U5-PBS in the selection of the tRNA used for initiation of reverse transcription. We have previously reported on the characterization of an HIV-1 which uses tRNA Met to initiate reverse transcription (9) . In contrast to our other HIV-1, which utilize an alternative tRNA to initiate reverse transcription, the virus which uses tRNA Met occurred spontaneously in in vitro cultures. Follow-up studies established that this virus was stable if a region within U5 was engineered to contain a sequence complementary to the anticodon loop of tRNA
Met . In the current study, we found that modeling of the U5-PBS region of this virus without and with bound tRNA Met revealed RNA structures with striking similarities to the wild-type virus (see Fig. 1 ). To determine a biological significance for these RNA structures, we constructed proviral clones which contain mutations designed specifically to disrupt the stem-loop structures in U5 of this virus. The capacity of these mutant viruses to use a tRNA Met as a primer in an in vitro endogenous reverse transcription assay and maintain the PBS complementary to tRNA Met following in vitro culture was also determined. Our studies demonstrate that mutations upstream of the A-loop region in U5 affect reverse transcription and utilization of the tRNA Met primer. Modeling of the RNA genomes containing the nucleotide substitutions which arise in viruses following in vitro culture supports the conclusion that U5-PBS RNA structure plays an important role in the selection of the tRNA and subsequent initiation of reverse transcription.
MATERIALS AND METHODS
Construction of vectors with mutant proviral genomes. The HXB2 molecular clone of HIV-1 was used to construct the mutant HIV-1 proviral genomes (19) . We previously reported the construction of pHXB2(Met-AC) with a substitution of the nucleotide sequence TGTGAGACTG (nucleotides 167 to 176) in U5 and a PBS complementary to tRNA Met , which resulted in the virus stably maintaining a PBS complementary to tRNA Met (9) . From a virus culture derived from pHXB2(Met-AC), a U5 PBS region was PCR amplified from provided DNA with three additional point mutations in U5 ( 145 C to T,
171
G to A, and 201 G to A); this U5-PBS was isolated and used to construct HXB2(Met-AC). A BglII and BssHII DNA fragment (nucleotides 20 to 255) from the clone was first purified from a 1.2% agarose gel and cloned into shuttle vector pUC119(PBS), which contains an HpaI-to-PstI DNA fragment including the 5Ј long terminal repeat, PBS, and leader region of the gag gene from HXB2. The resulting clone was named pUC119(Met-AC). All other mutant constructs were created by introducing mutations in the U5 region of the pUC119(Met-AC) shuttle vector by using two consecutive PCR mutageneses (23) . The first PCR was done to generate megaprimers containing mutant sequences by using a primer in the U3 region of the 5Ј long terminal repeat (5ЈTTGACAGCCGCCTAGC3Ј [nucleotides 8895 to 8910]) and a mutagenic oligonucleotide. The mutations which were constructed are depicted in Fig. 1 and 2 . The oligonucleotides used for construction of the mutants are as follows: Met-AC(157-161), 5Ј-CTCACAACACTCT GACAAAGGGTCTGAAG-3Ј; Met-AC(162-164), 5Ј-AGTCTCACAACTGAG ACTAAAAGGGTC-3Ј; Met-AC(157-166), 5Ј-GCTACAGTCTCACAGACAA AAGCGAAAGGGTCTGAAGGA-3Ј; Met-AC(153-161), 5Ј-GTCTCACAAC ACTTGTGAGACTGGTCTGAAGGATCTC-3Ј; Met-AC(161-163), 5Ј-AGTC TCACAACAGACACTAAAAGGGTC-3Ј; Met-AC(143-146), 5Ј-ACTAAAAG GGTCTGTTCCATCTCTAGTTACC-3Ј; Met-AC(143-146,161-163), 5Ј-AGTC TCACAACAGACACTAAAAGGGTCTGTTCCATCTCTAGTTACCA-3Ј; and Met-AC(⌬142-173), 5Ј-CCACTGCTAGAGTCTCTAGTTACCAGAGTCAC-3Ј.
Megaprimers containing the mutant sequences were used in the second PCR together with a primer with a BssHII site downstream of the PBS (5Ј-GCGCG CTTCAGCAAGCCG-3Ј [nucleotides 262 to 245]) to generate restriction enzyme sites for cloning into pUC119(PBS). The resulting mutagenic DNA fragments were digested with BglII and BssHII (nucleotides 20 to 262) and cloned into pUC119(PBS), creating the corresponding mutant shuttle vectors. An 868-bp fragment of HpaI and BssHII from each of the pUC119 plasmid constructs containing the mutant sequences was subcloned between the HpaI and BssHII sites of HXB2. All pUC119 constructs and the resulting HXB2 mutant proviral plasmids were verified by DNA sequencing to ensure the identity of the mutated sequence (22) . Tissue culture and DNA transfections. 293T and COS-1 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum and 1% penicillin-streptomycin at 37°C and 5% CO 2 . SupT1 cells were grown in RPMI 1640 medium containing 15% fetal calf serum and 1% penicillin-streptomycin at 37°C and 5% CO 2 . 293T cells were grown overnight to about 70% confluence in a six-well plate and transfected with 10 g of HXB2 proviral DNA constructs using the Ca-PO 4 method (Stratagene protocol). After overnight incubation at 37°C, the supernatant of transfected 293T cells was removed and fresh medium was added. The supernatant was collected at 3 days posttransfection and filtered through a 0.45-m-pore-size syringe filter (Nalgene). The levels of p24 capsid antigen were determined from three independent transfections by using an enzyme-linked immunosorbent assay (ELISA; Coulter Laboratories). COS-1 cells (at 60% confluence) were transfected with 5 g of wild-type or mutant proviral plasmid DNA by using DEAE-dextran as previously described (20) .
Endogenous reverse transcription followed by PCR. The endogenous reverse transcription was performed by using virus particles supplied with nucleotide substrates as described elsewhere (17) . Supernatants from 293T cells transfected with proviral DNAs were treated with RNase-free DNase I (Boehringer Mannheim) at a final concentration of 20 U/ml for 1 h at 37°C in the presence of 10 mM MgCl 2 . Virus particles from transfected supernatants were collected by centrifugation at 27,000 rpm for 2 h in an SW28 rotor at 4°C. The pellet was resuspended in 200 l of ice-cold TEN buffer (100 mM NaCl, 10 mM Tris-HCl, pH 8.0), and aliquots of virus were kept at Ϫ70°C. For endogenous reverse transcription, aliquots of a virus suspension (equivalent to 6 ng of p24) were incubated in 60 l of the reaction mixture (0.01% Triton X-100, 50 mM NaCl, 50 mM Tris-HCl [pH 8.0], 10 mM dithiothreitol, 5 mM MgCl 2 , 200 M each dATP, dGTP, dCTP, and dTTP) for 0 min, 20 min, 1 h, and 2 h at 37°C. Reactions were terminated by adding 30 l of stop mix (250-g/ml proteinase K, 5 mM EDTA, pH 8.0) and incubation at 60°C for 1 h. Reactions without deoxynucleoside triphosphate substrates were performed as a control. Reaction mixtures were boiled for 10 min to inactivate proteinase K before PCR analysis. A tRNA Lys -1 primer, 5Ј-TAGCTCAGTCGGTAGAGCA-3Ј corresponding to nucleotides 8 to 27 of tRNA 1, 2 Lys was used in a PCR to amplify minus-strand, strong-stop DNA [(Ϫ)ss DNA] linked to tRNA 3 Lys ; this DNA primer did not amplify tRNA Metextended (Ϫ)ss DNA or plasmid DNA. To amplify (Ϫ)ss DNA linked to tRNA Met present in the reaction mixture, a tRNA Met -1 primer was used in a PCR (5Ј-GGAATTCGTTAGCGCAGTAGCGCGTCAGTCTCA-3Ј, corresponding to nucleotides 4 to 35 of tRNA Met ); this primer did not amplify tRNA 3 Lys -extended (Ϫ)ss DNA or plasmid DNA. Primer 1, corresponding to nucleotides 17 to 38 in the 5Ј R of HXB2 proviral DNA was used as a 5Ј PCR primer. A 1-l volume of the reaction mixture (equivalent to 100 pg of p24 antigen) was subject to 30 cycles of PCR, each consisting of a denaturing step at 94°C for 1 min, annealing at 60°C for 1 min, and extension at 72°C for 40 s. Amplified products were resolved on a 1.2% agarose gel. To compare the relative amounts of (Ϫ)ss DNA linked to tRNA 3 Lys or tRNA Met , Southern hybridization was performed by using specific probes for tRNA species. The PCR-amplified DNA in the agarose gel was transferred to a 0.2-m-pore-size (Protran) nitrocellulose membrane in 20ϫ SSPE (1ϫ SSPE is 0.18 M NaCl, 10 mM NaH 2 PO 4 , and 1 mM EDTA [pH 7.7]) buffer (21) . DNA was fixed to the membrane by baking at 80°C for 2 h. The probes were the following 32 P-end-labeled tRNA species-specific oligomers: tRNA Lys -2, 5Ј-CAGACTTTTAATCTGAGGGTCC AGG-3Ј, corresponding to nucleotides 28 to 53 of tRNA 3 Lys ; tRNA Met -2, 5Ј-CT CATAATCTGAAGGTCGTGAG-3Ј, corresponding to nucleotides 32 to 53 of tRNA Met . Prehybridization was carried out at room temperature for 5 to 8 h in a buffer containing 25% (vol/vol) formamide, 6ϫ SSPE, 0.1% sodium dodecyl sulfate, 5ϫ Denhardt's solution, and 100-g/ml yeast tRNA. Hybridization was initiated by adding the labeled probe to the prehybridization mixture and continued overnight at room temperature. The membrane was washed in washing buffer (2ϫ SSPE with 0.1% sodium dodecyl sulfate) three times for 10 min each at room temperature. Radioactivity was determined by PhosphorImager analysis of the blots.
Analysis of virus replication. At 1 day posttransfection, COS-1 cells were cocultured with SupT1 cells (5 ϫ 10 5 ), which support high-level replication of HIV-1. After 48 h of coculture, the SupT1 cells were harvested by low-speed centrifugation and further cultured with fresh medium and additional SupT1 cells. The infected SupT1 cells were monitored visually for the formation of multicell syncytia and maintained by addition of fresh SupT1 cells and medium at various time intervals. For cell-free infections at 120 days postcoculture, SupT1 cells (10 6 /ml) were infected with equal amounts of virus as measured by p24 antigen (100 ng). After allowing the virus to adsorb for 24 h, SupT1 cells were further cultured in RPMI medium. At the designated time intervals, the culture supernatants were collected and analyzed for p24 antigen by ELISA (Coulter Laboratories).
PCR amplification and DNA sequencing of PBS-containing proviral DNA. On designated days postcoculture, DNAs were isolated from infected SupT1 cells by using the Wizard genomic DNA purification kit and following the manufacturer's (Promega) instructions. Approximately 1 g of cellular DNA was used to amplify the U5 and PBS regions of integrated proviral DNA sequences by using the following HIV-1 proviral-DNA-specific primers: primer 1, 5Ј-GCTCTAGACC AGATCTGAGCCTGGGAGCTC-3Ј (nucleotides 17 to 38); primer 2, 5Ј-CGG AATTCTCTCCTTCTAGCCTCCGCTAGTC-3Ј (nucleotides 309 to 330). PCR-amplified DNA was directly ligated into the pGEM-T-easy vector (Promega). Following transformation into Escherichia coli and screening, the U5-PBS-containing plasmid DNAs prepared from individual recombinant clones were sequenced by using the primer 5Ј-GGCTAACTAGGGAACCCACTGC-3Ј (nucleotides 42 to 63).
RESULTS

Construction of mutant HIV-1 proviral DNAs.
In a previous study, we demonstrated that the HIV-1 mutants with both a PBS and nucleotides in U5 complementary to the anticodon loop of tRNA Met (ACN, the A-loop region in the wild-type genome) stably maintained a PBS complementary to tRNA Met following extended in vitro culture; we designated this virus HXB2(Met-AC) (9) . HIV-1 mutants with both a PBS and ACN complementary to tRNA Ile or tRNA Pro were not stable and, following in vitro culture, reverted to contain a wild-type PBS (8) . The results of these studies, combined with those of others, have led to a greater appreciation of the fact that a complex RNA structure exists for both the uncomplexed and tRNA-bound U5-PBS which is important for reverse transcription. A U5-PBS structure for the wild-type genome has been elucidated from a combination of chemical and enzymatic analyses (2) (Fig. 1A) . Several regions have been identified which could have importance in the initiation of reverse transcription. RNA modeling of the U5-PBS revealed a long stemloop structure, from nucleotide 159 to nucleotide 186, which encompasses the initiation site for reverse transcription (nucleotide 182, followed by ϩ1), as well as the ACN (32) . Several other stem-loop structures were also noted (designated a and b in Fig. 1A ). Similar RNA modeling of the genome which stably maintains a PBS complementary to tRNA Met revealed a structure strikingly similar to that of the wild type (32). The only major difference was noted with respect to the nucleotides displayed on the ACN; in HXB2(Met-AC), the sequence GAG ACU was present on the loop, which is complementary to the nucleotides in the anticodon region of tRNA Met . Previous studies by Isel et al. have used both chemical and enzymatic analyses to determine an HIV-1 tRNA 3 Lys binary complex (Fig. 1B) (5) . Several regions of interaction between the viral RNA genome and the tRNA were identified. The most obvious is the complementarity between the 3Ј-terminal nucleotides of the tRNA and the PBS (designated I in Fig. 1B ). Three additional, unexpected interactions between the HIV-1 U5 and tRNA were also identified (designated II, III, and IV in Fig. 1B) . Again, a similar binary complex could also be drawn with the RNA genome of HXB2(Met-AC) and tRNA Met (Fig. 1B) . The conservation of RNA structures between the wild type and HXB2(Met-AC) suggested their importance for reverse transcription. To test this possibility, we targeted mutations to disrupt the stem-loop RNA structure of HXB2(Met-AC) (Fig.  1A) . The mutations were selected for disruption of the predicted U5-PBS RNA structure but would not be predicted to disrupt important RNA structures in the U5-PBS-tRNA complex (I, II, and IV in Fig. 1B) . Thus, we focused our changes on nucleotides 153 to 166 in U5 to disrupt the stem-loop structures in the regions designated b, c, and d ( 164)), HXB2(Met-AC(157-166)), and HXB2(Met-AC(153-161)). The nucleotides were chosen such that the predicted RNA structures with the mutations would be sufficiently different from the original predicted RNA structure of HXB2(Met-AC) (in the secondary-structure analysis using the MFold algorithm). The mutations were named in accordance with the following convention: HXB2(Met-AC(Y-Y)), where Y identifies the nucleotides changed from the starting genome, that of HXB2(Met-AC).
We also introduced a second set of mutations into regions III and IV to disrupt the U5-PBS-tRNA interactions ( Fig. 1B  and 2 ), creating HXB2(Met AC(161-163)), HXB2(Met-AC(143-146)), and HXB2(Met-AC(143-146, 161-163)); some of these mutations would also be predicted to disrupt RNA secondary structures in regions a and d of Fig. 1A . Finally, we also constructed a proviral genome which contained a deletion of the U5 region from nucleotide 142 to nucleotide 173, HXB2(Met-AC(⌬142-173)). Although we anticipated that this virus would be viable since previous studies by Vicenzi et al. had demonstrated that deletion of a similar region in U5 did not result in a noninfectious wild-type virus, we predicted that the PBS of this virus would rapidly revert to using tRNA 3 Lys as the primer for reverse transcription (26) . In addition, it has previously been reported that mutations in this region do not effect encapsidation of the genome RNA (26) .
Analysis of the infectious potential of mutant proviruses. The proviral clones were transfected into 293T cells, and p24 capsid antigen levels in the culture supernatants were measured at 48 h posttransfection to determine the effect of mutations on viral protein production and virion release. The levels of p24 antigen released in the supernatant were similar in all of the clones tested (data not shown).
To determine the infectious potential of the mutant proviral genomes, COS-1 cells were transfected with the proviral genomes and then cocultured with SupT1 cells, consistent with previous studies (9, 20, 28, 29) . At various times postcoculture, the production of both the wild-type and mutant viruses was monitored by visual inspection for syncytia; virus production was also quantitated by levels of viral capsid (p24) antigen in the supernatants from the cultures (Fig. 3) . Although the kinetics of appearance for all mutant viruses was delayed compared with that of HXB2(Met-AC), the viruses from HXB2(Met- To understand how the mutations in U5 affect viral replication, we analyzed the initiation of reverse transcription of the mutant viruses obtained following transfection of proviral DNA containing the designated mutations. For this analysis, we utilized an in vitro endogenous RT PCR method to detect (Ϫ)ss DNA since virion particles contain all of the necessary viral components for reverse transcription (17) . The products for endogenous reverse transcription were subjected to PCR amplification using a tRNA-specific primer, followed by Southern hybridization with a 32 P-labeled tRNA-specific probe. (Fig. 4A and B) . There was a general correlation between the amounts of (Ϫ)ss DNA detected and the appearance of the viruses following transfection. That is, we detected lower amounts of the (Ϫ)ss DNA product from viruses derived from HXB2(Met-AC(157-166)), HXB2(Met-AC(153-161)), HXB2(Met-AC(143-146)), and HXB2(Met-AC(143-146, 161-163)) than that from HXB2(Met-AC). The most severely replication-compromised virus, HXB2(Met-AC-(157-166)), had the lowest amount of (Ϫ)ss DNA product detected from the in vitro reactions (Fig. 4A) . The correlation was not perfect, however, as evidenced by the analysis of HXB2(Met-AC(⌬142-173). In this case, we detected less reverse transcription products from HXB2(Met-AC(⌬142-173)) than from other viruses ([e.g., HXB2(Met-AC(143-146)). However, the virus derived from HXB2(Met-AC(⌬143-172)) 
FIG. 4. Analysis of initiation of reverse transcription.
Virus (equivalent to 6 ng of p24 antigen) produced from transfection of 293T cells were used in an endogenous reverse transcription reaction (37°C for 2 h). Endogenous reaction products (equivalent to 100 pg of p24 antigen) were subjected to 30 cycles of PCR to amplify the extended tRNA Met linked to (Ϫ)ss DNA by using a tRNA Met -specific primer. No PCR products were observed from viruses incubated without deoxynucleoside triphosphates (data not shown). Southern hybridization was used to detect cDNA products of tRNA Met linked to (Ϫ)ss DNA by using a 32 P-labeled tRNA Met -specific probe. Radioactivity was quantified by using a PhosphorImager. grew faster than the virus from HXB2(Met-AC(143-146)). Although the exact reason for this discrepancy is not clear, it is possible that the virus derived from HXB2(Met-AC(⌬143-172)) had undergone rapid mutation as a result of limited tissue culture, which facilitated virus replication (see the next section).
DNA sequence analysis of the U5-PBS region from integrated proviruses obtained after extended in vitro culture. To ascertain the stability of the PBS in the mutant viruses, after 120 days in culture we harvested the culture supernatants and analyzed the replication of the viruses by infecting SupT1 cells with equal amounts of virus as measured by p24 antigen. Except for strain HXB2(Met-AC(143-146, 161-163)), all of the mutant viruses replicated similarly to the wild-type (HXB2) and HXB2(Met-AC) (data not shown); the replication of HXB2(Met-AC(143-146,161-163)), however, was still delayed compared to that of the wild-type and mutant viruses.
One of the hallmarks of HIV-1 with a PBS complementary to an alternative tRNA is the propensity of the PBS to revert to complementarity to tRNA 3 Lys following in vitro culture. Previously, we have found that even subtle mutations within U5 of viruses with a PBS complementary to tRNA His or tRNA 1,2 Lys resulted in reversion back to the wild-type PBS following in vitro culture (30) . To determine if this was also the case for the mutants with a PBS complementary to tRNA Met , we analyzed the U5-PBS from integrated proviruses. Since the RT copies 5Ј-******A****************************** ********A*** **************** 5Ј-******A**********************A******* ********A*** ******************-3Ј 5Ј-******A****************************** ************ **************** 1 TTATGAGACTGTAGTAG 5Ј-******A************************* A*A************** ***************** 5Ј-** **********************************************A ***************** the 3Ј 18 nucleotides of the tRNA used as the primer for reverse transcription during positive-strand synthesis, the proviral PBS sequence reflects which tRNA species was used to initiate reverse transcription (24) . Isolation of the high-molecular-weight DNAs from the infected cells at 120 days of culture was followed by PCR amplification of the U5-PBS region, and the DNA sequences of individual subclones were determined (Table 1) . Viruses derived from HXB2(Met-AC), which have an ACN in U5 to stably utilize tRNA Met (9) , maintained the PBS complementary to tRNA (⌬142-173) ). Dots shows deleted nucleotides 142 to 173 in the context of secondary structure of HXB2(Met-AC). The secondary structure with input deletion mutations and with the additional mutation of a 19-nucleotide insertion was predicted by the MFold RNA folding algorithm (32, 33) . Inserted nucleotides are in boldface lowercase letters with line drawing. Boxed nucleotide 182 indicates a point mutation.
sisting mainly of a G-to-A change (data not shown). Analysis of the proviral clones of the U5-PBS from viruses derived from HXB2(Met-AC(143-146)) revealed that all of the clones contained a deletion of nucleotides 135 to 141 with a change of nucleotides 143 to 146 (GGAA to CCCT). This reversion would restore the wild-type sequence for this virus similar to that found in HXB2(Met-AC) (CCUU versus CCCU). RNA modeling suggests that the CCUU sequence is critical for the interaction of the U5-PBS with tRNA Met . Analysis of the U5-PBS from several of the viruses revealed many times two distinct PBSs complementary to tRNA Met . For example, the virus derived from HXB2(Met-AC(162-164)) in four of six clones contained an insertion of a 68-nucleotide sequence which is composed of 34 nucleotides upstream, an 18-nucleotide sequence complementary to tRNA Met , and 16 nucleotides downstream; all of these inserted nucleotide sequences were duplicated from the sequence upstream or downstream of the PBS. All of the clones recovered from HXB2(Met-AC(143-146, 161-163)) at day 120 contained dual PBSs; the upstream PBS was complementary to tRNA Met , and most importantly, the downstream PBS was a wild-type PBS complementary to tRNA 3 Lys . A two-nucleotide deletion immediately downstream of the wild-type PBS suggested that a mismatch repair might have occurred during the second template switch in which a tRNA 3 Lys was positioned at the PBS complementary to tRNA
Met . In a previous study, we have shown that both of the PBSs from viruses with dual PBSs can be utilized for initiation of reverse transcription (12, 13) . It is possible, then, that the virus derived from HXB2(Met-AC(143-146, 161-163)) grows slower than the other mutant viruses because of interference between two different PBSs for reverse transcription. All of the clones recovered from the virus derived from HXB2(Met-AC(157-166)), with mutations encompassing the stem region of the stem-loop structure upstream of the PBS, contained a wild-type PBS complementary to tRNA 3 Lys at day 120 with eight nucleotides duplicated from the sequence upstream of PBS ( Table 1) . Half of the clones examined also contained additional insertions of a PBS complementary to tRNA Met and 27 duplicated nucleotides (14 nucleotides upstream and 13 downstream of PBS). Again, mutations predicted to completely disrupt the stem-loop structure in U5 upstream of PBS resulted in viruses reverting to contain a PBS complementary to tRNA 3 Lys . A completely unexpected result was obtained from the analysis of the virus derived from HXB2(Met-AC(⌬142-173)), which contained a 32-nucleotide deletion in U5 (Fig. 2) . Upon extended in vitro culture, we found that this virus still stably maintained a PBS complementary to tRNA Met . All of the clones recovered, however, had an additional 19 nucleotides inserted upstream of the PBS; 15 of these nucleotides were duplicated from nucleotides immediately upstream of the PBS of the input proviral genome. This is the first time that we have obtained viruses which contain a substantial change in U5 that were still able to maintain the use of an alternative tRNA as a primer for initiation of reverse transcription.
DISCUSSION
In this study, we have utilized a unique HIV-1 strain which stably maintains a PBS complementary to tRNA Met to characterize U5-PBS interactions with the tRNA primer used for initiation of reverse transcription. RNA modeling of the U5-PBS alone and complexed with tRNA Met revealed striking similarities to models of the wild-type U5-PBS alone and complexed with tRNA 3 Lys . To investigate the potential significance of these RNA structures, we constructed mutations designed to disrupt critical elements within the secondary structures. All of the mutations resulted in viruses which initially had delayed replication compared to the parental virus, HXB2(Met-AC). By using an endogenous reverse transcription-PCR method, we found that the delays in replication correlated with a reduced capacity for initiation of reverse transcription as determined by the ability to synthesize (Ϫ)ss DNA primed with tRNA Met . Analysis of the U5-PBS following long-term in vitro culture revealed that while most mutants were stable and maintained a PBS complementary to tRNA Met , others had reverted to a virus with a PBS complementary to tRNA 3 Lys . In some instances, viruses with complex genomes containing dual PBSs were observed. Interestingly, we found that viruses which initially contained a deletion of 32 nucleotides of the U5 region still maintained a PBS complementary to tRNA Met following in vitro culture. Sequence analysis of the U5-PBS of this virus (Fig. 1B) . The insertion of 19 nucleotides between nucleotides 135 and 136 is in shadowed uppercase letters.
revealed the presence of 19 new nucleotides in place of the original deletion.
In previous reports, we have described the effects that mutations in U5 have on the subsequent capacity of HIV-1 to stably utilize tRNA His or tRNA 1,2 Lys to initiate reverse transcription (9, 10, 29, 30, 31) . Mutations within the U5 region of these viruses all had drastic effects on the subsequent capacity to maintain a PBS complementary to these alternative tRNAs (30) . One of the major differences between the virus which utilizes tRNA Met to initiate reverse transcription and the other viruses which use other tRNAs to initiate reverse transcription is the ability of HXB2(Met-AC) to accommodate several different types of mutations within U5 without reverting to a PBS complementary to tRNA 3 Lys . It is possible that this feature is due to the fact that RNA structures of the U5-PBS of HXB2(Met-AC) alone and complexed with tRNA Met are similar to that of the wild-type virus and, thus, stabilize the use of tRNA Met to initiate reverse transcription. Several of the results from our analysis of different virus mutants support this idea. Analysis of the virus derived from HXB2(Met-AC-(143-146)) revealed that all of the clones had restored the CCCT nucleotides which could potentially interact with the variable loop of tRNA Met (region IV in Fig. 1B ). Previous studies in our laboratory have shown that even in the wild-type genome, mutation in this region resulted in a virus which reverts to restore the CCCT motif (31) . What is the importance of this interaction? One explanation could be that this interaction is required to maintain the disrupted tRNA structure necessary to form an initiation complex similar to what has been found by Isel et al. (5) (Fig. 1B) . However, the CCCT reversion would not be predicted to completely restore the region IV interaction in HXB2(Met-AC(142-146)). Thus, it is possible that this motif is involved in other, as yet undefined, RNA-RNA interactions within the viral genome that result in additional selective pressure for the reversion to CCCT. The further analysis of the role of the CCCT motif in reverse transcription might be complicated because we found that in contrast to strain HXB2(Met-AC(143-166)), double mutant HXB2(Met-AC(143-146, 161-163)) did not contain this reversion following in vitro culture. Rather, this virus had mutated to contain a PBS complementary to tRNA 3 Lys positioned downstream from the PBS complementary to tRNA Met . In a related set of experiments, we found that the wild-type virus containing a similar set of mutations also did not restore the CCCT motif (31) . Why the virus derived from HXB2(Met-AC(143-146, 161-163) mutated to contain two PBSs is not clear. Virus HXB2(Met-AC(143-146,161-163)) maintained a slow-growth phenotype, even after extended culture (data not shown). It is possible that the positioning of a PBS complementary to tRNA 3 Lys downstream from the PBS complementary to tRNA Met interfered with the reverse transcription process. Previous studies in this laboratory have shown that if the upstream PBS in mutant viral genomes with dual PBSs was complementary to tRNA 3 Lys , this PBS was used predominantly for reverse transcription (12) . Furthermore, viruses with this dual-PBS configuration did not show a delay in replication compared to the wild-type virus; this result was similar to what was found for HXB2(Met-AC(157-166)), in which a PBS complementary to tRNA 3 Lys is positioned upstream of a PBS complementary to tRNA Met . In contrast, the viruses derived from HXB2(Met-AC(143-146, 161-163)) contain an upstream PBS complementary to tRNA Met positioned in front of a PBS complementary to tRNA 3 Lys . The combination of both PBSs occupied by tRNA Met and tRNA 3 Lys , respectively, could affect the capacity of the virus to undergo reverse transcription (12, 13) .
One of the hallmarks of the viruses with a PBS complementary to an alternative tRNA is the generation of numerous nucleotide changes in U5 following in vitro replication. Based on the results of our previous studies, we suggested that these mutations might be the result of selection of viruses which can undergo a more efficient initiation of reverse transcription (27) . The results of our current study also support this idea. It was clear from our analysis of the mutant viruses constructed from HXB2(Met-AC) that mutations in the U5 region affected reverse transcription. Not surprisingly, those viruses derived from HXB2(Met-AC(157-166)), in which the mutants most severely affected the initiation of reverse transcription, also exhibited the slowest initial replication. Similar results have been obtained from analysis of the wild-type virus with mutations in U5 (31) . Deletion of the four consecutive A's in the U5 stem-loop of HIV-1 did not affect tRNA 3 Lys placement on the genomic RNA; however, viruses with the deleted A nucleotides exhibited decreased reverse transcription and slower replication kinetics (6, 14) . What was most interesting, however, was that the A loop was restored over time during in vitro culture (14) . Analysis of the U5 region from the virus derived from HXB2(Met-AC(153-161)) revealed a similar situation after in vitro culture. Modeling of the RNA stem-loop of the U5-PBS from nucleotide 126 to nucleotide 222 revealed that the initial mutations would have resulted in a stem-loop structure containing different nucleotides in the region postulated to interact with the anticodon loop of tRNA Met (Fig. 5) . RNA modeling of the U5 of viruses obtained after in vitro culture revealed an apparent evolution toward recovery of the stemloop structure seen for the U5 derived from HXB2(Met-AC). Most importantly, the region of U5 complementary to the anticodon of tRNA Met can be displayed on the loop region of a stem-loop structure similar to that for HXB2(Met-AC). In contrast to HXB2(Met-AC(153-161)), viruses derived from HXB2(Met-AC(157-166)), with mutations predicted to completely disrupt this stem-loop structure, displayed a greater defect in initiation of reverse transcription and eventually reverted to contain the wild-type PBS. Why then do some mutations lead to reversion of the PBS to complementarity to tRNA 3 Lys ? One possibility is that mutations that disrupt the U5-PBS structure result in an RNA genome encapsidated in the virus without a tRNA positioned at the PBS complementary to an alternative tRNA. If this were to happen, upon maturation of the virus particle, the nucleocapsid protein (p7) and/or RT might force tRNA 3 Lys to be positioned at the PBS complementary to the alternative tRNA. If initiation of reverse transcription occurred, the virus would have a potential for two PBSs, one complementary to tRNA Met (for negative-strand DNA) and one complementary to tRNA 3 Lys (for positive-strand DNA), which would lead to viruses with dual PBSs. Further replication of these viruses might lead to a stable virus with dual PBSs (which was observed) or even resolution of the dual PBSs to a single wild-type PBS complementary to tRNA 3 Lys (12) .
Finally, compelling evidence for a general role of RNA structures in the selection of the tRNA and reverse transcription comes from the analysis of the virus which contained a 32-nucleotide deletion in U5. Remarkably, this virus was still able to undergo reverse transcription and exhibited replication kinetics similar to that of the parental virus. Molecular modeling of the RNA structures of the virus containing the additional 19-nucleotide insertion revealed a similar overall structure for the U5-PBS genome alone (Fig. 6) , as well as in the presence of tRNA Met (Fig. 7) . The additional 19 nucleotides in the virus derived from HXB2(Met-AC-(⌬142-173)) were essential to restore similar stem-loop RNA structures modeled from HXB2(Met-AC) (Fig. 1A) . The additional nucleotides would also be predicted to restore the interaction at region IV of the U5-PBS complexed with tRNA Met (Fig. 7) . Taken together, the results of our study support the concept that RNA structures of the U5-PBS are important for the interaction with the tRNA used for initiation of reverse transcription.
